One relatively new computational approach to the drug discovery process involves calculating functional group maps of a target structure. Experimental functional group mapping techniques have also recently emerged. In this paper, the structure of RNase A with two bound formates (i.e. carboxylate functionalities) is used as a model system to test the computational methodology. Functional group maps of the RNase A structure were calculated using the Multiple Copy Simultaneous Search (MCSS) method and compared with experimentally determined formate and water positions. The calculations indicate that the protonation state of active-site histidines determines the ability of the enzyme to bind formate. The results also suggest an ordered binding mechanism for the two formates. An improved strategy for using the MCSS method to design new candidate Iigands is discussed.
Introduction
In recent years, computational methods have been applied to the drug design process with an increasing level of success (Kuntz, 1992; Verlinde and Hoi, 1994) . One approach involves calculating preferred binding sites in a target structure for specific functional groups. Functional groups in their preferred locations can then be connected, first computationally and later synthetically, to form chemically sensible molecules that are potential drugs. The Grid method (Goodford, 1985) calculates the interaction energy of a fixed functional group at grid points on the surface of the target structure. The relatively new Multiple Copy Simultaneous Search (MCSS) method (Miranker and Karplus, 1991) determines functional group maps for each group by simultaneously energy minimizing several thousand copies of a specific group in a localized region of the target structure. One advantage of the MCSS method is that the groups are fully flexible and can minimize to any location in the structure. The minimized group copies are trapped in local minima throughout the structure and the interaction energies of the group minima with the target structure provide a relative ranking of the allowed binding site locations. At present, these interaction energies do not include solvation effects.
Experimental functional group mapping techniques have also recently been developed (Allen et al., 1996; Fitzpatrick et al., 1993 Fitzpatrick et al., , 1994 and may provide a test of the computational methodology, hi solvent mapping experiments, crystals are typically soaked in a high concentration (often close to 100%) of an organic solvent. An alternative approach is to grow crystals in the presence of lower concentrations of small solute molecules. The lower concentrations may more closely reflect conditions during drug binding, although achieving binding may be more difficult. Crystals of bovine pancreatic RNase A were grown under various conditions and a series of highresolution structures have been solved by Fedorov et al. (A.Fedorov, D.Sirakova, D.Joseph-McCarthy, E.Fedorov, I .Graf and S.C.Almo, in preparation). One structure, obtained from crystals prepared from 8 M formate (pH 5.5), clearly shows two bound formates in the RNase A active site (referred to throughout as the W5 RNase A structure, see Figure 1 ).
RNase A catalyzes the hydrolysis or transphosphorylation of single-stranded ribonucleic acid (RNA) at pyrimidine residues, specifically yielding 2',3'-cyclic pyrimidine phosphates and free 5'-hydroxyls. An extended RNA substrate binds in the RNase A active site as shown in Figure 2 with phosphate moieties binding in the P0, PI and P2 pockets and a pyrimidine base binding in the Bl pocket. In the W5 RNase A structure one formate is bound in the PI pocket and the other formate is in the Bl pocket and a water molecule lies between them. In the present work, the W5 RNase A structure was used as a model system to test the MCSS methodology. The two bound formates in the structure are the best formate minima, or the most preferred formate binding sites, under the given crystallization conditions. A series of functional group maps were calculated over the W5 RNase A structure and the Fig. 1 . Ribbon diagram of the W5 RNase A structure made using the program Molscript (Kraulis, 1991) . are shown with all atoms drawn. resulting minima were compared with the experimentally known formate and water positions. The effect of the protonation state of the active-site histidines was explored. An improved strategy for utilizing computational functional group mapping as an important tool in the drug design process is discussed.
Materials and methods
The structure of bovine pancreatic RNase A with two formates bound in the active site (W5 RNase A) has been solved by Fedorov et al. (A.Fedorov, D.Sirakova, D.Joseph-McCarthy, E.Fedorov, I .Graf and S.C.Almo, in preparation) at 2.0 A resolution and refined to a final /?-factor of 16.1%. Data were collected on a single crystal obtained from 3 M sodium formate, 3 M CsCl, 0.1 M sodium acetate (pH 5.5) and subsequently soaked in a stabilizing buffer of 8 M sodium formate, 0.1 M sodium acetate (pH 5.5) to remove the CsCl (space group P3221 with one molecule per asymmetric unit). The W5 RNase A structure is a good model system for this computational study because it is a high-resolution structure of a relatively small protein (a monomer of 124 residues) with two formates and 89 waters included in the model. Furthermore, it provides a difficult test case because the active site is relatively solvent exposed. The average fl-factors for the formates are 41.3 (FMT-131) and 27.6 (FMT-132) while that for WAT-240 is 39.4. Although these values are high, they are lower than the overall average B-factor of 42.8 for the bound waters. The RNase A structure is roughly kidney shaped with dimensions of 38X28X28 A 3 and contains four disulfide bonds. The central feature of the structure is a long, twisting, three-stranded antiparallel p-sheet to which the amino terminal a-helix is approximately perpendicular, and it is this arrangement of secondary structural elements that forms the activesite cleft. Polar hydrogens were added to the structure using the Hbuild command in CHARMM (Brooks et al, 1983) .
The MCSS computer program (Miranker and Karplus, 1991) is expected to determine the preferred binding site locations for a given functional group in or on a known macromolecular structure. Functional group maps of formate, water and formate with water were calculated for the W5 RNase A structure using MCSS. For each MCSS calculation, 2000 copies of the functional group were initially randomly distributed in a 15 A radius sphere (centered on Hisl2 N8l) that includes most of the RNase A structure. The group copies were then simultaneously energy minimized in the full force field of the fixed protein (the group copies did not interact with each other). Before running the calculations, the two crystallographic formates and all waters were removed from the structure, unless stated otherwise. All of the energy and minimization calculations discussed were carried out using the program CHARMM (Brooks et al, 1983 ) version 22 and standard Paraml9 polar hydrogen parameters and topologies, an 8 A cut-off (cutnb 8.5 and ctofnb 7.5) on nonbonded energy terms (achieved via a shift truncation function), and a constant dielectric of 1. Calculations were run either with histidine residues singly protonated (on N5l, for a net charge of zero) or doubly protonated (for a net charge of +1 on the residue), as stated. The functional group formate (FRMT) was modeled as an extended atom carbon bonded to two equivalent oxygen atoms with an overall net charge of -1 (Figure 3 ). Formate with water (FRMT-WATR) was modeled as one formate molecule and one interacting water molecule treated as a single functional group (Figure 3 ). In the initial distribution, each FRMT-WATR group is placed in the binding site in its vacuum minimum energy conformation with each water hydrogen interacting with one of the formate oxygens (1.96 A) and a water oxygen to formate carbon distance of 3.18 A. During the minimizations, however, there are no bond or angle constraints on the FRMT-WATR distance; the FRMT and WATR within a group interact via van der Waals and electrostatic forces only.
In one control MCSS calculation, formate was modeled with a hydrogen atom explicitly bonded to the carbon (FRMH in Figure 3 ); this caused a 50% increase in the c.p.u. time required without affecting the results. When two similar calculations were compared, 96% (or 25 out of 26) of the FRMT minima where within 0.2 A overall root mean squared (r.m.s.) deviation of an FRMH minimum position. More minima were found in the calculation for FRMH (38) than for FRMT (26), but the increase was largely due to FRMH minima degenerate in heavy atom positions but with distinct hydrogen positions. 
Results
The presence of two bound formates (i.e. carboxylate functionalities) in the W5 RNase A structure allowed for a direct experimental test of the MCSS method. In the X-ray structure, FMT-131 makes four hydrogen bonds (three to protein and one to WAT-240), WAT-240 makes two hydrogen bonds (one to protein and one to FMT-131) and FMT-132 makes two hydrogen bonds (to protein, see Figure 4 ). A series of MCSS calculations were performed on the W5 structure, the results of which are summarized in Table I . When functional group maps of formate were calculated with all neutral histidines or only His 12 protonated, no minima were found at either the FMT-131 or FMT-132 X-ray positions. If both His 12 and His 119 were protonated, or if all four RNase A histidines are protonated, low-energy minima were found at the FMT-131 position (Figure 5a ) but again no formate minima were near the FMT-132 position (the closest minimum was more than 4 A away). Even when the crystallographic waters were included, which necessarily biases the calculation, the calculations could only identify both experimentally observed formate positions when His 12 was protonated. A functional group map of formate and water treated as one MCSS group, and calculated with all histidines protonated, identified several low-energy minima at the FMT-131-WAT-240 positions (Figure 5b and c) . A large number of minima were identified in this search owing to multiple water positions around the same 'degenerate' formate position (in each group copy the water is not constrained to remain near the formate). Functional group maps of water alone also located the WAT-240 position (Figure 5d ).
In Table n , the hydrogen bonds calculated for FMT-131, WAT-240 and FMT-132 in the X-ray structure are compared with those for the minima that are shown in Figure 5 . The 2A FRMT minimum (calculated with all His protonated) makes three of the four hydrogen bonds that FMT-131 does. The 2A minimum does not make the hydrogen bond to WAT-240 that FMT-131 does. In the X-ray structure, FMT-131 interacts with WAT-240, which in turn interacts with Lys41. Since WAT-240 was not present during the calculation, the 2A minimum interacts directly with Lys41. The calculation, to a large extent, correctly identifies the position of FMT-131. Similarly, the best WATR minima in the active site, 10A and 12A, hydrogen bond to Lys41 as does WAT-240 but they are not positioned to interact with FMT-131, and again this is expected since FMT-131 was not present during the calculations. There are four main clusters (based on the formate position) of lowenergy FRMT-WATR minima in the active site that have their FRMTs near FMT-131. In Figure 5c , the lowest energy minimum from each cluster (21 A, 54A, 68A and 76A) are shown. In addition, for each cluster if the WATR associated with the lowest energy minimum is not near WAT-240, the next lowest energy minimum whose WATR is near WAT-240 is also shown (i.e. 51A whose FRMT is in the same cluster as 21 A, as well as 78A whose FRMT is in the same cluster as 76A). The FRMT part of minimum 54A is positioned to make all of the hydrogen bonds that FMT-131 does and the WATR part interacts with Lys41. The WATR part of minimum 68A is the closest to WAT-240 and its FRMT part makes three of the four hydrogen bonds that FMT-131 does. (The WATR part of the 21A is outside of the active site region and more than 10 A away from the FRMT part.) The one FRMT minimum found in the active site when FMT-131 is present during the calculations makes one of the two hydrogen bonds to Thr45 that FMT-132 makes; it also interacts with Lys41 to compensate for the missing interaction between Lys41 and WAT-240. As expected, MCSS searches with the negatively charged formate probe identified the PI pocket where the negatively charged phosphate group of the substrate binds (and FMT-131 is observed to bind in the W5 RNase A structure). Unbiased
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MCSS searches, however, failed to identify the position of FMT-132 as a preferred binding site. Although this is less surprising since FMT-132 occupies the neutral pyrimidine base binding pocket, the pocket clearly can accommodate a formate ion and should have been identified by the MCSS searches. The interaction energy of FMT-131 with the protein structure is -117.4 kcal/mol while that for FMT-132 is only -67.0 kcal/ mol (see Table ITI ). If FMT-132 is energy minimized in the fixed protein structure (excluding solvent and FMT-131), its energy drops to -155.3 kcal/mol, but it minimizes to essentially the FMT-131 position. This corresponds to an r.m.s. displacement of the formate by 5.2 A. Thus, the MCSS searches never find FMT-132 because the potential surface of the protein alone is such that FMT-131 and FMT-132 are in roughly the same well. Therefore, any formate copies at the FMT-132 position will minimize to FMT-131. This observation suggests that FMT-131 binds to the protein first, altering the potential surface, and subsequently promotes binding at the location of FMT-132. When a functional group map of formate was calculated for the protein structure with FMT-131 bound, one of the resulting minima (Figure 5e ) was indeed very close to the FMT-132 position (the overall r.m.s. deviation was 2.6 A but the 082 distance was only 0.4 A).
Close inspection of Table III shows that the interaction energy of FMT-131 with the protein and crystallographic waters is more favorable (by 12.1 kcal/mol) than its interaction energy with the protein alone, indicating that water may bind first. In either case, since the FMT-131 interaction with the protein is favorable it binds. The energies suggest that the FMT-132 site is occupied after the FMT-131 site, because the interaction of FMT-132 with protein + water is about half as favorable as the interaction of FMT-131 with protein + water. Although the interaction of FMT-132 with protein + water + FMT-131 is somewhat less favorable than with protein + water, it is still favorable and therefore FMT-132 can subsequently bind.
As expected, the total interaction of the two formates with protein + water is more favorable than for either one alone; it is the sum of the interaction of each formate with protein + water and the interaction between the two formates (6.1 kcal/mol).
Each MCSS calculation resulted in many additional minima at varied regions in or on the surface of the protein (Table  IV) . For all of the FRMT calculations, the resulting lowest energy minimum (1A) interacts only with Lysl and Lys7, and Lysl has very poor side-chain electron density and is most 
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"+ indicates that the hydrogen bond is made, -that it is not. NA or not applicable indicates that this 'residue' was not present during the calculation, and in these cases + indicates that a hydrogen bond would be made if the 'residue' were present while -indicates that it would not. Hydrogen bonds were calculated in Quanta4.1 using 2.5 A as the maximum H to acceptor distance, 3.3 A as the maximum distance between the atom bearing the H and the acceptor and 90° as the minimum angle at the acceptor, at the H and at the atom bearing the H. Near hydrogen bonds are indicated by italics and have a maximum H to acceptor distance of 3.0 A and a maximum distance between the atom bearing the H and the acceptor of 4.0 A and satisfy the same 90°m inimum angle requirements. b To active site residues shown in Figure 4 . "All histidines protonated.
•"Interaction energies are in kcal/mol and include the internal formate terms. Tvlinimized to X-ray FMT-131 position (Cy 2.2 A, 082 0.4 A).
likely disorder! Thus, the lowest energy minimum found for FRMT is an artifact; discounting this minimum, the FMT-131 position is in fact the lowest energy minimum found. The FRMT---WATR search found two formate minima in the P2 pocket interacting with Lys7 and ArglO, and a cluster of formate minima in the P0 pocket interacting with Lys66. The FRMT functional group map (calculated with all histidines protonated) showed no minima in the P2 pocket but a cluster of three minima on the surface of the protein interacting with Lys66. The WATR functional group map identified the positions of all of the crystallographic waters mediating the interaction between the N-terminal a-helix and the C-terminal segment of residues 110-121 ( Figure 6 ).
Discussion
A number of recent advances have been made in the development of computational methods to aid in the drug discovery process. One approach has centered around the mapping of flexible functional groups to energetically favorable positions on the surface of a protein (Miranker and Karplus, 1991) . Once identified, these functional groups can be connected computationally to form potentially novel therapeutics. Those compounds that are predicted to bind well can then be synthesized and tested experimentally. Fitzpatrick et al. (1993 Fitzpatrick et al. ( , 1994 have suggested an experimental analog to the computational mapping. By placing cross-linked crystals of subtilisin Carlsberg in neat solutions of the water-miscible solvent acetonitrile, they identified a number of acetonitrile molecules bound to the protein, including four in the active site at the PI, P2 and P3 subsites. It was further proposed that the use of other water-miscible solvents would identify binding sites for additional functionalities. This approach is limited to the study of functional groups present in liquid solvents. The crystallographic work of Fedorov et al. (A.Fedorov, D.Sirakova, D.Joseph-McCarthy, E.Fedorov, I.Graf and S.CAlmo, in preparation) identified two formate ions bound -171.93 to -5.18 -167.10 to -6.81 -171.93 to -5.18 -171.93 to -5.18 -171.93 to -5.18 -166.93 to -3.84 -166.77 to -3.84 -191.38 "All energies are given in kcal/mol and include internal energy terms for the group in addition to the group protein interaction terms. A reference energy for the group in vacuum has been subtracted from these values. b Number of minima with interaction energy less than 0 kcal/mol.°F or each run, the MCSS minima are numbered consecutively starting with 1A for the lowest energy minimum.
and that functional groups have been shown to bind in the active sites of unrelated enzymes [e.g. subtilisin, elastase (C.Mattos, personal communication) and RNase A] may also be indicative of the general ease with which active-site solvent structure can be displaced in favor of ligands. Such ready desolvation of an enzyme active site is likely to be necessary for efficient catalysis. Functional group maps of formate, water and formate with water were calculated for the W5 RNase A structure as a direct test of the MCSS methodology. The formate searches were conducted with neutral histidines, Hisl2 protonated, His 12 and His 119 protonated and all four histidines protonated, respectively. The location of FMT-131 was identified as a minimum only when Hisl2 and Hisl 19 were protonated. The calculations are in agreement with experimental information suggesting that these histidines are in fact largely protonated at pH 5.5 (Knoblauch et al., 1988) . Furthermore, the calculations indicate that the charge on the histidines is crucial for formate binding in the active site. In terms of drug design, this illustrates the need to consider carefully the protonation state of the titratable groups in the putative drug-binding pocket.
The MCSS calculations only identified the FMT-132 position as a minimum when FMT-131 was already 'bound' to the protein. The potential surface of the protein alone is such that FMT-132 is in roughly the same well as the lower energy FMT-131. Explicit inclusion of FMT-131 in the fixed starting protein model effectively changes the potential surface so that the FMT-132 location becomes a local minimum. These calculations suggest an ordered binding mechanism, where FMT-131 must bind first in order to allow the subsequent binding of FMT-132. Similar computational approaches may hold promise for the analysis of enzymatic reactions which follow ordered binding mechanisms. . WATR minima found at the interface between the N-terminal a-helix and the C-terminal segment in the W5 RNase A structure, drawn using Molscript (Kraulis, 1991) . The protein backbone and oxygens of the crystal waters at the interface are in white, and the WATR minima are in black with all atoms shown.
in the PI and Bl subsites of the W5 RNase A structure in aqueous solution. This demonstrates that the experimental functional group mapping approach can be extended to include binding solutes in aqueous solution, when a sufficiently high solute concentration can be achieved. The fact that both chloride ions and formate ions (i.e. different functional groups) have been shown to bind at the same active-site locations in two structures of RNase A (A.Fedorov, D.Sirakova, D.JosephMcCarthy, E.Fedorov, I.Graf and S.C.AJmo, in preparation), These findings have important implications for the application of computational drug design methods. Functional group mapping is intended to identify a number of potentially useful binding sites for each group, not merely the single best site. . If the calculation is performed with the protein alone, the best minimum energy positions (or preferred binding sites) will be found; however, to find secondary allowed sites, the calculation must be repeated with the first site occupied. This is equivalent to performing an MCSS calculation with part of an inhibitor bound to determine where an additional functional group could be attached to yield a more potent ligand. In the use of MCSS for de novo drug design, all of the functional group sites are initially considered simultaneously and independently. Our results demonstrate that occupying one site can have a significant effect on a distant site. In general, in experimental mapping studies (of either organic solvents or other solutes in aqueous solution) where high concentrations of the functional group-containing molecules have been used, this effect is probably significant. When directly comparing experimental and computational functional group mapping results, it is therefore necessary to consider that the binding of individual functional group-containing molecules to the protein may be correlated.
